Many studies show that antigenotoxic ingredients are contained in our daily foods, including in a variety of mushrooms. Identiˆcation of antigenotoxic factors is expected to lead to the development of cancer-preventing agents. We previously demonstrated heat-unstable antimutagenic activity in a water-soluble extract of the mushroom Agrocybe cylindracea. In this study we show that antimutagenic components were precipitated in 30-40, 40-50 and 50-60% ammonium sulfate fractions of A. cylindracea extracts. The 30-40% and 40-50% precipitates appeared to contain the same substances and showed strong antimutagenic activity against 2-amino3,8-dimethylimidazo[4,5-f]quinoxaline (MeIQx) and N-nitrosodimethylamine in the Ames test, but not in the Drosophila in vivo DNA repair test. In contrast, the 50-60% precipitate showed antigenotoxic activity against MeIQx in Drosophila but little antigenotoxicity in bacteria. Thus, A. cylindracea contains at least two unique antimutagenic components that can be separated by ammonium sulfate precipitation. We attempted to purify the antimutagenic components contained in each ammonium sulfate fraction. The antimutagenic activity of the 30-50% ammonium sulfate fraction was detected in the ‰ow-through fraction after application to a DEAE-Sepharose column. This fraction exhibited a single band of 27 kDa following electrophoretic analysis on a 15% SDS-polyacrylamide gel (SDS-PAGE). Sequence analysis of eight amino acids at the N-terminal of this protein indicated that this is a novel, previously unreported protein. The antimutagenic component(s) in the 50-60% ammonium sulfate fraction was eluted by 0.5 M NaCl from a DEAE-Sepharose column. As several bands were observed following SDS-PAGE analysis, we could not identify the active components in this fraction. The eŠects of the ammonium sulfate fraction on the activity of CYP enzymes that activate mutagens metabolically were examined: the 30-40% ammonium sulfate fraction showed strong inhibition of CYP1A, whereas the 50-60% fraction showed slight suppression of CYP1A. In conclusion, a 27-kDa protein from A. cylindracea may suppress mutation due to inhibition of the metabolism of indirect mutagens.
Introduction
Numerous investigations have revealed antigenotoxic and anticancer activities in various food components, including mushrooms (1) . Several studies have shown the antimutagenic potency of organic or aqueous extracts of several mushrooms, including Hypsizigus marmoreus (2), Lentinula edodes (3), Agaricus blazei (4-6), Pleurotus cornucopiae (7), Lactarius vellereus (8) , and basidiomycetes including Agrocybe cylindracea (9) . We previously reported that the dried powder of A. cylindracea showed antigenotoxic and antimutagenic activity in Drosophila, and we characterized its active components as water-soluble and heat-unstable factors with a high molecular weight that were considered to be proteins or peptides (10) . Ng and colleagues have reported the presence of bioactive proteins such as laccase (11) , agrocybin (12) , a ubiquitin-like peptide (13) and a lectin (14) in A. cylindracea. Both agrocybin and the ubiquitin-like peptide have anti-proliferative activity, and the other proteins have antifungal activity. However, antigenotoxic activity was not examined in these protein fractions.
In this study, we puriˆed antigenotoxic components from a cold water-extract of A. cylindracea using precipitation with saturated ammonium sulfate, DEAESepharose column chromatography and gelˆltration chromatography. We identiˆed one component that suppressed the mutagenicity of 2-amino3,8-dimethylimidazo [4,5-f] quinoxaline (MeIQx) in the Salmonella Ames test, which was identiˆed by SDS-PAGE analysis as a protein with a molecular weight of 27 kDa. The Nterminal amino acid sequence indicated that this was a novel protein with no homology to previously reported proteins. A. cylindracea also contained antigenotoxic components other than this novel protein, which suppressed the genotoxicity of MeIQx in the Drosophila in vivo repair test. To further investigate the antimutagenic mechanisms of these ammonium sulfate fractions, we examined their eŠects on CYP enzymes that metabolically activate MeIQx.
Materials and Methods
Chemicals: 2 -Amino -3,8 -dimethylimidazo [4,5 -f] quinoxaline (MeIQx), 2-amino-3-methylimidazo [4,5-f] quinoline (IQ), and 4-nitroquinoline 1-oxide (4NQO) were purchased from Wako Fine Chemicals (Osaka, Japan), N-methyl-N-nitrosourea (MNU) was purchased from Nacalai Tesque (Kyoto, Japan), and N-nitrosodimethylamine (NDMA) and 2-nitro‰uorene (2-NF) were purchased from Tokyo Kasei Kogyo (Tokyo, Japan). Bovine serum albumin, chymotrypsin, myoglobin, 7-methoxyresoruˆn and 7-ethoxyresorˆn were purchased from Sigma-Aldrich Co., (Tokyo, Japan). Dried powder of Agrocybe cylindracea was kindly provided by Mr. Masaharu Yabe of Yabe Kinoko-en, Okayama, Japan.
Puriˆcation of antimutagenic components: A water extract (100 mL) was prepared from 4 g of an A. cylindracea dried powder according to a previous report (10) , and was precipitated with ammonium sulfate using a 10z stepwise increase in the concentration of ammonium sulfate, from 30z to 90z saturation. Each precipitate was dissolved in 10 mL of distilled water, and dialyzed against distilled water for one day. After lyophilization, each residue was dissolved in 1 mL of distilled water and its antimutagenic potency against MeIQx was examined using the Ames test. Active fractions were subjected to anion exchange column chromatography (q1.5×42 cm) using a DEAE-Sepharose TM Fast Flow matrix (Amersham Biosciences, Tokyo, Japan) equilibrated with 20 mM Tris-HCl buŠer (pH 8.8). The column was eluted with a linear gradient of NaCl from 0 to 1 M, and 10-mL fractions were collected. Each fraction was dialyzed against distilled water and then lyophilized, and its antigenotoxic potency was examined using the Ames test and the Drosophila in vivo DNA repair test.
Molecular weight estimation by gelˆltration chromatography: An active fraction (1 or 4 mL) was applied onto a Sephadex-G100 column (Amersham Biosciences, Tokyo, Japan) (q1.5×42 cm or q2.5×105 cm) equilibrated with 20 mM sodium phosphate buŠer (pH 7.4), and was eluted with the same buŠer. When a short column was used, 2-mL fractions were collected and each fraction was individually lyophilized, dissolved in 1 mL of distilled water, and the antimutagenic activity of 100 mL of each sample solution was examined in the Ames test. When a long column was used, 10-mL fractions were collected and 2.5 mL of each fraction eluted was directly used to examine antigenotoxic activity in the Drosophila DNA repair test. The molecular weight of substances in the eluted fractions was estimated by comparison with that of bovine serum albumin (67 kDa), chymotrypsin (25 kDa) and myoglobin (18 kDa).
SDS-polyacrylamide gel electrophoresis (SDS-PAGE): To examine the purity of eluted fractions and estimate the molecular weight of active components, fractions were analyzed by 15z SDS-PAGE (15) followed by Coomassie Brilliant Blue (CBB) staining. The molecular weight of resolved components was determined by comparing their mobility to that of molecularweight marker proteins (Precision Plus Protein Standards; BioRad, Tokyo, Japan).
Mutation and genotoxicity test: Antimutagenic activity was examined using the Ames test, in which with MeIQx and IQ as the mutagenic agents Salmonella typhimurium TA98 was used, and with NDMA S. typhimurium TA100 was used in the presence of a metabolic enzyme fraction (S9). S9 was prepared from rat liver treated with PCB. 2.5 mL of S9 in 0.7 mL S9 mix was used for MeIQx and IQ, and 100 mL was for NDMA. The mutagenicity of 2-NF was assayed using TA98, and that of 4NQO and MNU was assayed using TA100, without metabolic activation. Each mutagen was incubated in the presence of the mushroom sample: water-extract from mushroom powder, ammonium sulfate precipitation of water-extract, or fraction separated from ammonium sulfate precipitation by chromatography, and the resulting mutagenic activity was compared to that in the absence of the mushroom sample. Antigenotoxic activity was assayed using MeIQx in the Drosophila in vivo DNA repair test, according to a previous report (16) . Third instar larvae (sc z 1 w
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mei-9 a mei-41 D5 /C(1)DX, y f ) were fed Drosophila instant medium (Formula 4-24, Carolina Biological Supply Co., Burlington, NC) containing MeIQx with or without mushroom samples. Since the male of this strain is deˆcient in DNA damage-repair functions and the female is proˆcient, the ratio of males to females decreases following treatment with a genotoxic agent. If mushroom samples tested have antigenotoxic potency, the ratio of males to females should increase since the males will survive.
Determination of protein content: The protein content of mushroom samples was determined using the DC protein assay kit (BioRad) that is based on Lowry's method (17) .
N-Terminal amino acid sequencing: For determination of the N-terminal amino acid sequence of the active protein, proteins in the 30-50z ammonium sulfate precipitate that were not absorbed by DEAE-Sepharose were separated by SDS-PAGE. Proteins on the gel were electrophoretically transferred to a polyvinylidene di‰uoride (PVDF) membrane (PoweredBlot-Mini, ATTO, Tokyo, Japan) that was then stained with CBB. Fig. 1 . Separation of antimutagenic activities in A. cylindracea extracts by ammonium sulfate precipitation. Samples were prepared according to``Materials and Methods''. (A) The antimutagenic activity of 50 mL of each sample was examined in the Ames test using MeIQx at a concentration of 60 pmol/plate. The protein concentration of each fraction assayed in the Ames test was 0.51, 1.73, 4.52, 5.03, 3.92, 2.35, 0.58, and 0.71 mg/mL in the 0-30z, 30-40z, 40-50z, 50-60z, 60-70z, 70-80z, 80-90z, and over 90z fraction, respectively. Antimutagenic potency is expressed relative to mutagenic activity in the absence of the mushroom fraction, which was designated as 100z. The number of revertants per plate was 1433 without the mushroom fraction. (B) A 5-mL aliquot of each fraction was analyzed by SDS-PAGE followed by Coomassie Brilliant Blue (CBB) staining.
Antimutagenic Components in Mushroom
A stained band just above the 25-kDa marker was cut and the sequence of eight amino acids from the N-terminal was determined by Edman-degradation using a protein sequencer (PPSQ-33A, Shimazu, Kyoto, Japan) in the Shimazu Techno-Research Center in Kyoto, Japan.
Measurement of enzyme activities that mediate activation of mutagens: The eŠects of the mushroom fractions on CYP1A, which transforms MeIQx to a reactive form that is mutagenic, were measured using an assay that detects the activity of 7-methoxyresoruˆn-Odemethylase (MROD) and 7-ethoxyresoruˆn-O-deethylase (EROD) in the S9 fraction, in the presence or absence of the 30-50z ammonium sulfate fraction, according to a previous report (18) . Enzyme activities were measured by ‰uorometric quantiˆcation of each metabolite produced by O-demethylation of 7-methoxyresoruˆn by CYP1A2 and O-deetylation of 7-ethoxyresorˆn by CYP1A1, using Hitachi F-2000 ‰uores-cence spectrophotometer (Hitachi, Japan). Each substrate dissolved in DMSO was used at 1 mM, and was incubated with 1z rat liver-S9 and 0.55 mM NADPH for 5 min at 379 C in the presence or absence of mushroom samples.
Results
Separation of antimutagenic activity in A. cylindracea extracts by ammonium sulfate precipitation and chromatography: A water extract of A. cylindracea was separated by precipitation with saturated ammonium sulfate using a 10z stepwise increase in ammonium sulfate concentration starting from 30z. The eŠect of each fraction on MeIQx mutagenicity was compared with the results of SDS-PAGE analysis of each fraction (Fig. 1) . Antimutagenic activity was detected in the 30-60z ammonium sulfate fractions, with the highest inhibitory activity in the 30-40z fraction. Based on the SDS-PAGE band pattern, the active component(s) in the 30-40z and 40-50z fractions appeared to be the same. However, these components appeared to diŠer from the component(s) in the 50-60z fraction, which showed weaker activity than those in the 30-50z fraction. The 50-60z fraction showed antigenotoxic activity in the Drosophila DNA repair test, whereas the 30-40z fraction was not antigenotoxic in Drosophila (Table 1) .
The 30-40z ammonium sulfate fraction was then applied to a DEAE-Sepharose anion exchange chromatographic column. The separation pattern obtained is shown in Fig. 2(A) . Most of the antimutagenic activity was obtained in the fraction that passed through the DEAE-Sepharose column. SDS-PAGE analysis of this active fraction indicated one CBB-stained band, as shown in Fig. 2(B) . The molecular weight of this band was calculated as 27 kDa by comparison with the mobility of marker proteins. This molecular weight was con-ˆr med by gelˆltration chromatography using Sephadex G-100 as shown in Fig. 3 . A band of the same molecular weight was detected in the anti-mutagenic fraction of the 40-50z ammonium sulfate fraction when separated using DEAE-Sepharose (data not shown). When the 50-60z fraction was applied onto a DEAE-Sepharose column that was then eluted with a NaCl gradient from 0 to 1 M, a fraction with weak antimutagenic activity in the Ames test was eluted at approximately 0.5 M NaCl (Fig. 4(A) ). This fraction was composed mostly of proteins with a low molecular weight of around 15 kDa, as indicated by SDS-PAGE analysis (Figs. 4(B) and 5(A)), and showed suppressive eŠects on the genotoxicity of MeIQx in the Drosophila in vivo DNA repair test (Fig.  5(B) ). N-Terminal sequence of the antimutagenic protein: The active component of the 30-50z ammonium sulfate fraction was considered to correspond to a single band in a CBB-stained SDS-PAGE gel with a molecular weight that was estimated as 27 kDa. The Nterminal amino acid sequence of this protein was determined as NH2-Ala-Ile-Val-Thr-Gln-Thr-Asn-Ala using Edman-degradation. We used this sequence to perform a homology search using the protein-protein BLAST of NCBI (http://blast.ncbi.nlm.nih.gov/Blast.cgi). The search results suggested that the protein was a novel mushroom protein since no homologous sequence was found in known proteins. Fig. 3 . Molecular weight analysis of the active fraction in the DEAE-Sepharose ‰ow-through of the 30-40z ammonium sulfate precipitate. (A) Sephadex G-100 column chromatography using a short column (q1.5×42 cm) applied with 1 ml of the ‰ow-through fraction of the DEAE-Sepharose column as described in``Materials and Methods''. Antimutagenic activity was examined in the Ames test using 60 pmol/plate MeIQx. The number of revertants per plate was 1543 without the mushroom fraction. (B) SDS-PAGE (15z gel). An aliquot (5 ml) of each fraction in (A) was analyzed by SDS-PAGE. The gel was stained with CBB. 'M' indicates the molecular-weight markers, and the numbers at the top of the gel show the fraction number of the chromatogram in (A).
Antimutagenic Components in Mushroom
Characterization of factors providing antimutagenicity and evaluation of antimutagenic mechanisms: The heat stability of the antimutagenic activity of the three ammonium sulfate precipitates was examined. The antimutagenic activity of all samples tested was completely lost after boiling for 15 min when lower concentrations of protein were assayed, as shown in Fig. 6(A) . The fraction that was not absorbed onto DEAESepharose lost antimutagenic activity after incubation in boiling water for only 3 min. This fraction was also sensitive to protease K treatment (data not shown). These results supported the possibility that the antimutagenic component was a protein-like substance.
The eŠects of mushroom samples on mutagenicity of various mutagens, including both indirect mutagens that are metabolically activated by P450 and direct mutagens that do not need metabolic processes, were examined using the Ames test. A water-extract of mushroom powder suppressed the mutagenic activity of MeIQx and IQ which are indirect mutagens, but did not suppress the activity of direct mutagens such as 4NQO, MNU, and 2-NF (data not shown). About 10 mg of mushroom powder equivalent accounted for an 80z inhibition of mutagenicity induced by 60 pmole MeIQx or 30 pmole IQ (data not shown). In addition, the 30-40z ammonium sulfate fraction also suppressed the mutagenic activity of MeIQx and NDMA (as shown in Fig.  6(B) ), but not that of activated-MeIQx, which is a direct mutagenic form of MeIQx created by treatment with S9 (data not shown).
To investigate the anti-mutagenic mechanisms of these fractions, we examined the eŠects of the mushroom samples on the cytochrome P450 enzymes that metabolically activate MeIQx. MROD and EROD activities were strongly suppressed in the presence of the 30-40z and 40-50z ammonium sulfate fractions, while suppression by the 50-60z fraction was very weak (Fig. 6(C)(D) ). The eŠects of the samples on enzyme activity were stronger than those on mutagenicity because the amount of protein required to yield an ED50 for suppression of mutagenicity was 30-50 times higher than that required to inhibit enzyme activities. These results suggest that the antimutagenic activity of the 30-50z ammonium sulfate fraction of this mushroom is due to a suppressive eŠect on CYP1A. This conclusion is supported by the observation that the mutagenicity of activated MeIQx in the absence of S9 was not inhibited by this fraction. The mutagenicity of NDMA, which is activated by a diŠerent CYP than that which activates MeIQx, was also e‹ciently suppressed by addition of the 30-50z fraction (Fig. 6(B) ). The combined data suggest that the 30-50z ammonium sulfate fraction suppresses the activity of metabolic enzymes such as CYP1A and CYP2E. This suppressive activity on EROD and MROD disappeared completely following heat-treatment of the mushroom fraction (broken lines in Fig. 6(C) and (D) ). These results also support the possibility that the antimutagenic component(s) is a protein.
Discussion
In this study, we showed that A. cylindracea contains at least two types of antigenotoxic components: one is a protein with a molecular weight of approximately 27 kDa that displays antimutagenic activity in the Ames test, and the other component shows antigenotoxic activity in the Drosophila DNA repair test. To date, several antimutagenic fractions have been reported in mushrooms. In many cases their active ingredients have been identiˆed as polysaccharides or proteoglycans that can be extracted with hot water or organic solvents. Agaricus blazei is the most widely investigated mushroom in this respect. Dichloromethane/ethanol and hexane extracts of A. blazei were cytotoxic to tumor cells in vitro, but a crude lysate of A. blazei did not aŠect dimethylhydrazine-induced colon cancer in vivo (19) . In contrast, a polysaccharide-protein complex isolated from A. blazei showed eŠective anti-tumor activity in vivo but no cytotoxicity towards tumor cells in vitro (20) . These activities were heat-stable. The novel antimutagenic and antigenotoxic ingredient(s) in the aqueous extract of A. cylindracea that was identiˆed in the present study appears to be diŠerent from the polysaccharides reported in other studies because it was heatunstable and not extracted using organic solvents such as ethyl acetate or methanol (10) . In the present study, the antigenotoxic activity was separated into two diŠer-ent types of activity by ammonium sulfate precipitation: one activity in the 30-50z ammonium sulfate fraction was antimutagenic in the Ames test, and the other activity in the 50-60z fraction was antigenotoxic in the Drosophila DNA repair test. The antimutagenic activity in the 30-50z fraction was not absorbed by DEAESepharose, and we identiˆed a 27-kDa protein from this fraction that was stained as a single band on SDS-PAGE. The sequence of theˆrst 8 amino acids at the Nterminus of this protein was determined. A homology search revealed that the sequence did not display homology with known proteins, suggesting that this is a novel protein. Several bioactive proteins have been reported in A. cylindracea, as shown in Table 2 . However, the novel protein identiˆed in this study diŠered from those proteins, and from bioactive proteins in other mushrooms and plants (21) , in regard to molecular weight, N-terminal amino acid sequence, and physiological characteristics. Similar to the protein we identiˆed, agrocybin, an antifungal protein, was not absorbed by DEAE-cellulose. However, the molecular weight of agrocybin is 9 kDa (13) and it therefore does not correspond to our protein. Although the molecular weight of agrocybin is close to that of proteins isolated from the 50-60z fraction that were active in the Drosophila assay, the active components we identiˆed were absorbed by DEAE-Sepharose and eluted at 0.5 M NaCl. The N-terminal amino acid sequence of previously reported anti-genotoxic proteins also diŠer from the Nterminal sequence of the active 27-kDa protein. Thus, this 27-kDa protein and the lower molecular weight pro- Fig. 6 . Analysis of the inhibitory mechanism of the ammonium sulfate fraction. Inhibition of the mutagenicity of MeIQx (60 pmol/ plate) (A), and the enzyme activity of MROD (C) and EROD (D) by each ammonium sulfate fraction is shown. Closed symbols show activity before heat treatment, and open symbols show activity after heat treatment in the presence of the 30-40z (circles), 40-50z (triangles), and 50-60z (squares) ammonium sulfate fractions. A 10-mL volume of S9 was used in a 0.7-mL mixture for the Ames test, and in a 1-mL reaction mixture for each enzyme assay. (B) Suppressive eŠects of the 30-50z ammonium sulfate fraction on the mutagenicity of MeIQx (60 pmol/plate) in the Ames test is shown by open circles, and that of NDMA (40 mmol/plate) is shown by closed circles. A 2.5-mL volume of S9 was used in a 0.5-mL S9 mix for MeIQx (60 pmol/plate), or 100-mL for NDMA (40 mmol/plate), 1 mL of the 30-50z ammonium sulfate fraction was prepared from 2 g of dried mushroom powder, and 100 mL of the fraction contained an equivalent of 0.2 mg of dried powder. The number of revertants per plate without the mushroom fraction was 1191 with MeIQx and 1727 with NDMA. tein(s) identiˆed in the present study are novel A. cylindracea antigenotoxic proteins. In the Ames test, a water-extract of mushroom powder suppressed the mutagenic activity of MeIQx and IQ, which are indirect mutagens that are metabolically activated by P450, but did not suppress the activity of direct mutagens such as 4NQO, MNU and 2-NF. In addition, the 30-40z ammonium sulfate fraction also suppressed the mutagenic activity of MeIQx and NDMA. We examined the eŠect of mushroom samples on the activating enzymes, CYP1A, by measurement of the activity of MROD and EROD. The 30-40z and 40-50z ammonium sulfate fractions e‹ciently inhibited the activities of MROD and EROD, and these inhibitory activities were lost following heat treatment of these fractions. These results suggest that the antimutagenic activity of these fractions was due to the suppression of CYP1A, and that a heat-unstable component was responsible for this suppression. Shon and Nam observed that an extract of A. cylindracea inhibited the mutagenic activity of direct-acting mutagens such as 4-nitro-o-penylendiamine and sodium azide, as well as of indirect-acting mutagens such as 2-amino‰uorene and benzo[a]pyrene (9) . They also reported that polysaccharides from soybeans fermented with A. cylindracea inhibited the activity of CYP1A2 (MROD) more e‹ciently than that of CYP1A1 (EROD), whereas polysaccharides did not have any inhibitory eŠect on CYP 2E1 (aniline hydroxylase) (23) . It is thought that components of A. cylindracea other than the 27-kDa protein identiˆed in this study are responsible for these inhibitory activities. Another report described that pretreatment with an aqueous extract of Pleurotus cornucopiae (Tamogidake mushroom) protected against CCl4-induced hepatotoxicity and that this protective activity involved the suppression of CYP2E1 (24) . The mechanism by which the 27-kDa protein inhibits CYP enzymes remains to be investigated. One possibility may be that the structure of this protein is similar to that of CYP and that the 27-kDa protein can trap the mutagen but not activate it, resulting in protection against its metabolism by innate CYP in the S9 fraction. In addition, the possibility that 27 kDa protein might inhibit the activity of NADPHcytochrome P450 oxidoreductase cannot be denied in this study. The inhibitory activity of the 27-kDa protein was shown in vitro, i.e., in the Ames test using rat-S9, but not in the Drosophila in vivo test. Although the eŠects of the 27-kDa protein should be examined using other in vivo systems, the 50-60z ammonium sulfate fraction that displays antigenotoxic activity in Drosophila may be more important than the 27-kDa protein in terms of chemopreventive potency.
